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Persistent Surveillance of complex systems by embedded

sensing: a new paradigm of aging awareness and monitoring
-

Gas sensing will provide early detection of a broad range problems
(decomposing components, corrosion, failures, etc)

Accelerati

on
Matrl. Shoc
Props.

Gas Sensing System Requirements
 Detection of mixtures of unknown species
» High sensitivity - ppm level of detection

» High selectivity — broad range of gas molecules
(e.g. diatomics, organics, inorganics)

» Fiber optic compatible
* Rugged, robust system (lifespan = decades)
* Minimize SWaP (size, weight, and power)

Contours

Dimensio
ns
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Develop a chip scale sensor spectrometer for minimally
invasive monitoring of targeted trace gases

Vertical cavity
surface emitting laser
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Approach: Exploit maturity and developments in tunable VCSEL technology for
broadband TDLAS (Tunable Diode Laser Absorption Spectroscopy

Application: atmospheric chemistry, combustion research, space exploration,
Lawrence|  industrial processing and emission monitoring, and toxic gas detection




VCSEL-based Gas Sensing of Targeted Gases: General Concept

« Absorption Spectroscopy: measuring the Molecules | A (nm)
concentration of gases by the strength of their H20 1390,1802,1854,1870,2360
. . . . CO2 789,1960,2003,2012
infrared (IR) absorption fingerprint: = 1570, 2360

N H1put ()utput NO 1800, 2650
NO2 680
| | N20 1380,1960,2260
CH4 1650, 1684,2360
. /K A A/}\‘ NH3 1500
Idealized laser Multiple absorption  One line C2H2 1520
broadband source lines at time 02 760

14 pm BT

« Vertical Cavity Surface-Emitting Lasers
(VCSELSs): compact, low-power

« Amplified wavelength is selected by cavity properties
from a ~50 nm natural range

« Cavity can be tuned thermally ( ~5 nm max) or via
MEMS (10s of nm)

st - Bandgap engineering: commerical devices now exist
w/ center wavelengths into the mid-IR (2.3 u) at room e —

1520 1540 1560 1580 1600
Vwavelength (nm)

suspended
VCSEL epi Si0,/TiO, DBR

temperature
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Specific Approach: closed-cavity, open-path VCSELs gas
sensing tests

TDLAS (tunable diode laser absorption spectroscopy)

—

Collaboration to fabricate open-
cavity, MEMS-tunable
(R&D) @ 760, 1550, 2300nm

MEMS top contact
(aluminum)  ~__ o

"\ suspended
SI0./TiO, DBR

bottom DBR aperture (BTJ)

LLNL Darmstadt Univ./Schottky Institute
Height~1-2cm — -
1005 devices ;
Integration,
Packaging and
Multiplexing

1-2 cm

\

Use of commercial closed-cavity,
current-tuned devices w/ external
sensing path
COTS@ 760, 1392,1550, 1854, 2012nm

Minimize external path, e.g.
&via wavelength modulation

2-2cm (M-dependant) ToRvIEW
: [ — E
! mirrar - ¥
~5em | i
Viemo  mmb .
M Tor i Awires per laser (4N
Lasers Detector wires bundie)

2wires for detector(2h
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Closed-cavity, open-path VCSELs gas sensing tests

e Cascade Fiber Probe

Tunable VCSELs R,

* ULM-760nm (0,) : : &

* Vertilas -139211854nmi201:
(H,0 and C02)

» Thermo-electric cooler

ATMOSPHER

. silver
mirror

Photodetector
*NewportSi
(<1100nm)
*Thorlabs InGaAs
+(1200-2500nm)

_____

Control Instruments
Keithley Dual SourcelMeter (LIV)
ANDO Optical Spect. Analyzer ((wavelength scan)
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O, detected in ambient air (21%) with 763nm VCSEL
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Quench is clearly observable

» Signal change due to oxygen absorbance: AP/P~1%

» Absorption line is above the noise level (<0.5uW)

* Measurement of O, concentrations > 0.5% are possible
» Scaling to open-cavity possible (~1um gap and Q~10°)
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Preliminary experiments have shown wavelength modulation

can greatly improve signal-to-noise
- -

« At low concentrations or with weakly absorbing gases, absorption
fingerprint is just a slight bump on the background intensity

1.69
1.68
— 2 1.67
< o
S __Saec—T
— 0.4} =
— S
2 8 165 |
] 3
Q]
= g 164
3 3 1.63
o B = o
(D) P
S 1.62
1.61
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VCSEL current (mA)

Ambient O, detection w/ 763 nm COTS VCSEL
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PD current
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Wavelength modulation pulls the bump out of the
background by making it a time-varying signal

* Modulating the laser drive current modulates the output wavelength

767 I(t) A
E 766 ' I 10s of pA N 100s of pm
= (0] [0}
g 765 SO —
‘;5 764 - -
1 2 3 4 5 0 T/ ® 2/ L 0 /@ 2/ 1
current (mA)
* The detected signal is now periodic in harmonics of the modulation
frequency o P(t P(t)a
G y 0 ()/ Slowly varying () Rapidly varying
P

detector background absorption feature

e e 0 /o e t 0 /o e t
* A lock-in amplifier then measures individual harmonic components
with high signal-to-noise
1 t+AT
I:.fu::fn:—‘i'.r!.[nwu:- f-ﬁ} i a— f j}de:!rﬂ::h:?'[f} Sill {“"""-"ut + ":Ij}df
AT [/,
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Modified measurement setup for wavelength modulation
spectroscopy (WMS)

VCSEL] ;i
_ ght Photo-
spherical @} XZ : SZ detector
mirror

VCSEL driver w

| =1,+ Asin(at) Lock
in

Signal reference
optical path ~40 cm

(analyzed gas
sample)

Lock-in 2w

A series of lock-in measurements have been made at the 2w
component of the photo-detector signal
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Parameter study in amplitude of current modulation; curves

are versus |
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Parameter study in modulation frequency; curves are versus |
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WMS amplitude scan: automated for full range analysis

- 0000000/
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WMS of CO, in air (~400ppm): amplitude and frequency sweep
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Signal to noise indicates drastic improvement of WMS

over absorbance measurements
e
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A model has been developed that may aid optimization

1.50E-03
0.016
A ——sin(dw)
0.014 /\ /\ ——d1=0.0048mA, F=10kHz 1.00E=02 =——c05({4w)
===d|=0.016mA,f=10kHz
i 5.00E-04 -
—=d|=0.032mA,f=5kHz
oo {/ e 0.00E+00
di=0.032mA,f=100kHz 1
0008 -5.00E-04
0005 | -1.00E-03
Peak-to-average not linear in gas
0004 | . -1.50E-03
concentration at 2m
0.002 |

Possibly better peak-to-average

/Wi \ 001
N I V= \—"‘”""“ signal at 4®
14 145 15 155 16 165 17
10 {maA) 0.008
Features of experimental J W \

parameter studies captured in aoe 1 i 0048 mA 100
model oo Estimate how low absorption loss
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_—___/ \/ \/“.' \___—_ 12
01‘4 145 15 155 16 1.65 17 175 1o -~ / w—a=0..05 4w
* Preliminary model results do show the observed -
experimental features, and should offer guidance °
on defining what “optimal” is 0 .
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Conclusions
e

* We propose tunable VCSELs in NIR TDLAS for monitoring and finger
printing trace-gases in complex systems

« Wavelength modulation shows much improvement on direct
absorbance and higher SNR

* It removes 1/f noise for lower frequencies
* The signal is tracked in a very narrow frequency band
* It discriminates gas absorption from signal baseline degradation (e.g. fouling)

* An analytical model and fully-automated data collection/processing
are used to guide and select the best conditions for highest SNRs

 Lower detection limits can be achieved and need to be quantified to
determine minimum path length and the path to miniaturization

* Going form 80 cm to < 10cm path length seems feasible

Lawrence Livermore National Laboratory “L
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The path forward is comprised of parallel improvement of the
devices and their usage

We pursue both practical fabrication of MEMS-tunable, open-cavity
devices, and optimized use of existing closed-cavity devices
Specifics:
— Calibration of gas-mixer to perform measurements at 12
other than ambient concentrations and for mixtures

— Quantify detection limits achievable with WMS of
closed-cavity, external path VCSELSs (scan and fit)

— Continue collaboration with German partners on device =

I (nm)

fab r|Cat| on Hangauer, Opt. Lett 2008

— Prototype MEMS-tunable 1560 nm devices o
supplied by the Technical Institute in Darmstadt

x10 "

absorption
|
(o]

| -
N
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Questions?
S
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OXYGEN WMS: Frequency sweep
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2w signal V
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Oxygen amplitude scan line outs

0.02
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Oxygen amplitude scan line outs
-
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Oxygen amplitude scan line outs
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2w signal mV
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CO2 amplitude sweep
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x 10
12

10

2w signal mV
N

Tuning current: 0:0.002:13 mA
Amplitude: 375 uA
Frequency: 1 kHz
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2w signal mVv

2 4 6 g 10 12
Tuning current mA

Tuning current: 0:0.002:13 mA

Amplitude: 500 uA

Frequency: 1 kHz
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Modulation amplitude uA

Modulation frequency kHz

Water vapor (2-3%) in air

Amplitude scan
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Basic modeling assumptions

« Varying the current varies the total laser output power
« Varying the current also varies the laser temperature
 ltis the varying temperature that drives the tuning of the laser center
wavelength
Simple temperature model:

. B _ TR .
dI"  I°R - T — Thaek where My, = Vol. x pC', and in steady-stateT, . = T}, .1 + —J?

E B :”:h T *'rl"fth -

Given I(t) = Iy + dIsinw,t then:

TH _, 2RI . dl
12 +

s ——(sinw,t — w,T cosw,t)
ﬂj”t - ﬂf!h{l + -'J--':?T"g} ” £ 3]

T{Tj — E}ru:k T

For the spectral power of the laser, assume output at a single
temperature-dependent wavelength, with a current-dependent

a'H?Jr,'-fHd_e;:j“rfwu P 1:;2111 L0 Ao
dA B . {]u =y ‘) ﬂ_f/‘ﬁl'z_‘ I: ref I: CETL

d A
/‘l"::{r.ritlsz — /‘l".l'{r_,l" + I:T — THI'}
| al “l
Lawrence Livermore National Laboratory

36



Basic modeling assumptions, continued

- 0000000/
Gas Model: Assume an absorbing gas is present, with a single absorption line

with a Lorentzian line shape; the spectral output is then modulated by a factor:
¥
1 —

|+ O=Ag)?
Adg*

The detector integrates over wavelengths:

dP dFP 1d*P y o
—dA=(F,+ —(I — 1., ——— (' — Lo )" )1 —
r.lf-: tect — f C o T dl I: 'i'-:._,l"} T 9 ﬂu_._: { 1 f} }{ 14 {}"J'r!_f_‘}":!_f-'_ﬁl;.T_Tl'i £))2 :I
AN,

Normalize to P, and choose | such that A=Ay at T=T,:

I = (I — Leep)) Drer dl = dl/I,c; s(t) =sinw,t c(t) = coswyt

P2
1’1(} (1+ I+d1’9 I—l—rﬂ'e}}

ref dA TRIT f{_{ +21+ {f+l!d {?—W@F}}}

A_, 1+....l=:-'-1'2

)

ref
AT M Toe

C

Note there are only 5 dimensionless model parameters, 4 of which |_
can already be estimated from Mihai’s existing data 3




Assumed raw signal (normalized); alpha is a model

parameter which scales the gas absorption
-

* Model params used in the following calcs:

P1=2
P2=-5
C =1000
Nominal Signal, alpha=0.05 Nominal Signal, alpha=0.025
1.2 1.2
11 — 1.1 —
F / = /
ﬁ 09 — E 09 —
T 08 / T 08 /
g -~ T -~
0.7 0.7
0.6 - - - - 0.6 .
1.4 1.5 1.6 1.7 1.8 1.4 1.5 1.6 1.7 1.8
10 (MA) 10 (MA)

Couldn’t finish the whole thing analytically, the following results are
numerically calculated lock-in signals, i.e.:

] ! Et} sin (nw, + ¢)dt

Fo
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Recent Details

Gas delivery systems for concetration studies

— Delivery system (completed)

15V power supply DAQ

exhaust
mini
regulator
regulator 3|lway valve
(from N2 tank) Flow exhaust
—
chamber
3 waylvalve

===
! |
mini 1 |
regulator :‘ - =

I 1 exhaust
|
I |
solvent bubblerI |
water I !
- _ _ _I

Length<200 mm
Glass Glass
° window Diam=75 mm window
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(to Labview)

Gas Cell (in
progress)

Inlet Outlet
part port
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